Introduction/Objective Digital 3D modeling is slowly becoming an everyday orthodontic practice, and after two decades of research and development it is a basic element of e-orthodontics. The aim of this study was development and use of geometric entities on 3D digital models for diagnosing, planning and monitoring of orthodontic therapy, by using CAD (computer aided design) systems. Methods Statistical analysis and synthesis of 54 orthodontic parameters (28 in the upper and 26 in the lower jaw), defining three hypotheses and their testing, the application of the t-test. Results All three hypotheses are confirmed, convenience of using geometric entities, higher accuracy of 3D digital models, and more substantial displacement of teeth in the first six months of therapy (Student's t-test). After the first six months, distances in the x-y plane (occlusal plane) were bigger in both the upper and the lower jaw; additionally, the distances in the y-z plane (medial plane) decreased on the left and right side, so we can say that the first phase of therapy had success and that both jaws are wider. At the next four controls, parameters showed slight progress that was not statistically significant. Overall, after 11 months of therapy, there was a considerable improvement in the x-y plane, while changes in distances of clinical crown heights were very small. This could be explained by the fact that, during therapy, by using different arches, upper molars were pushed inside, toward the palate. Analyzing 3D computer models, we could notice that in this plane displacement of the upper left first molar was larger. Conclusion The use of geometric entities for defining orthodontic parameters gives us new possibilities for accurate and reliable analysis of patient's orthodontic condition.
INTRODUCTION
Research of development and use of 3D digital models in orthodontics have been going on for almost two decades [1] . There are two approaches today [2] [3] [4] [5] . The first is the use of specialized software for orthodontics (Ortho CAD and others), developed by producers of dental equipment for generating 3D models and their analysis. Their basic characteristic is standardized use in already defined procedure, which puts the user in position of various constraints in using the system itself, and that means narrowed scope of research problems in applying and modeling. The second approach is the use of software for general purpose in CAD modeling (ProEngineer, CATIA, Siemens NX, and others), which are, primarily developed for engineering modeling, but can also be used in orthodontics. Their advantage is that they do not limit users in any way, but the disadvantage is that users must know how to use them, which could be an additional challenge for dentists.
At the beginning of the development and application of 3D modeling, the first approach was dominant, and today the second approach is used much more, and is applied in the study presented in this paper [2, 6] .
Today, 3D modeling has found its wide application in orthodontics: (i) general model of application, at the beginning of development of 3D models (laser scanning, space analysis by using computers, diagnosis and planning of orthodontic therapy, Bolton analysis by using 3D models) [1, [7] [8] [9] [10] ; this approach was present by the first decade of the 21st century, and since then, thanks to the development and application of ICT technologies in orthodontics, today we have the additional areas of application of 3D modeling; (ii) analysis and synthesis of orthodontic parameters on digital and plaster models (accuracy, repeatability, validation, reliability, etc.) [2, [11] [12] [13] [14] [15] [16] [17] [18] ; (iii) occlusion analysis, planning and following orthodontic therapy using 3D models [19] [20] [21] [22] [23] [24] [25] [26] [27] , and (iv) analyzing teeth displacement by 3D models of reverse engineering [24] .
Our research presented in this paper is related to the second and third part of the approach to the development and application of 3D computer models in orthodontics.
Defining orthodontic parameters, in order to establish orthodontic diagnosis and follow orthodontic therapy by using 3D digital computer models, is performed according to a procedure similar to the one shown in Figure 1 .
The purpose of this paper is to determine geometric entities (GEs) which are used to define orthodontic parameters, and then to use them to establish the diagnosis and to plan orthodontic therapy. The novelty in our research is the use of GEs as a tool for 3D modeling [4] . The whole concept is tested on 54 orthodontic parameters that were monitored during one year. Scanning was done on an ATOS scanner (GOM GmbH, Braunschweig, Germany), accuracy under 10 micrometers, and 3D modeling was done using PLM NX10 Software (Siemens PLM Software, Plano, TX, USA).
For defining orthodontic parameters on 3D digital models we used original approach, which is based on GEs: basic, derived, and anatomical [4] . The first group consists of points (coordinates), lines, axes, and curved lines. They refer to both tooth and the jaw. Derived GEs are the origin, the coordinate axes, and coordinate plane [occlusal (x-y), medial (y-z), and tuber (z-x) plane], and just like in the previous case, they are related to tooth and/or jaw, and anatomical entities -points, curve lines, and surfaces -as a rule relate to the tooth.
Finally, this study describes GE application through planning and monitoring of orthodontic treatment, but with determined values of tooth position movements (the study introduced translation in three planes, and along three axes; rotation will be included in some of the studies to follow), as well as the results of the treatment. Subject and aim of the study are GEs and their application on a concrete example, building a personal e-orthodontic model.
METHODS
Starting from the well-known facts pertaining to a new way of defining orthodontic parameters, i.e. through GEs, characterized by (i) the unambiguous way of presenting (always defined in the same way in global coordinate system -GCS), (ii) determined in more precise way (always at the same point for each control), and (iii) more accurate measuring (up to one tenth of a micrometer, or one ten thousandth of a meter), which is two or three classes more precise than the conventional way of measuring in orthodontics, we can define the following hypotheses:
H1 These researches are based on defining all kinds of orthodontic parameters, which are in connection with orthodontic planes [4, 28] .
In the occlusal plane (x-y plane) we defined, measured, followed, and analyzed the following parameters of the upper/lower jaw:
1. Inter-canine distance; measured as distance between:
(1) Occlusal cusps of the upper canines (G1); (2) Occlusal cusps of the lower canines (D1); 2. Inter-premolar distance; measured as distance between:
(1) Tips of buccal cusps of the upper and lower first and second premolars (G2, D2, G3, D3); (2) Tips of palatal cusps of the upper first and second premolars (D4, D5, G4, G5); (3) Tips of lingual cusps of the lower first premolars (G4, G5); (4) Tips of mesial lingual cusps of the lower second premolars; 3. Inter-molar distance; measured as distance between:
(1) Tips of mesial palatal cusps of the upper first molars (G6, G8); (2) Tips of mesial buccal cusps of the upper first molars (G5, G7); (3) Tips of mesial lingual cusps of the lower first molars (D8); (4) Tips of distobuccal cusps of the upper and lower first molars. In the medial plane (y-z plane) the following parameters were defined: in the upper arch, the distance from the tip of mesial palatal cusp of the upper second molar to:
(1) The tip of mesial palatal cusp of the upper first molar (G9, G14); (2) The tip of palatal cusp of the upper first and second premolar (G10, G11, G15, G16); (3) The tip of cusp of the upper canine (G12, G17); (4) The mesial incisor edge of the upper lateral incisor (G13, G18). These parameters were measured on both sides of the upper dental arch. In the lower dental arch, the distance was measured between the tip of mesial lingual cusp of the lower second molar and:
(1) The tip of mesial lingual cusp of the lower first molar and second premolar (D9, D14); (2) The tip of lingual cusp of the lower first premolar (D10, D11, D15, D16); (3) The tip of cusp of the lower canine (D12, D17); (4) The mesial incisor edge of the lower lateral incisor (D13, D18). Finally, for the tuber plane (z-x plane), the following parameters were defined: clinical crown height of all teeth, in the upper and lower dental arches, from the second premolar to the second premolar, including them, measured as distance between the tip of cusp for posterior teeth (point on the middle of incisor edge for frontal teeth) and the point of maximum concavity of gingival line on the labial surface. The parameters defined for the upper jaw are G19 to G28, and D17 to D26 for the lower jaw.
Because brackets were placed on teeth, there was difficulty determining clinical crown height on teeth. Also, we noticed some defects in plaster models, which made marking parameters difficult, especially on the gingival line. Thus, we decided to monitor clinical crown height from the inside, i.e. from the lingual and palatal side. Although these displacements are smaller than the ones from the outside, they were taken into consideration so as not to lose the parameters in the z-x plane.
Examples of defining all parameters for all three orthodontic planes are shown in Figures 2 and 3 . For the upper jaw, 28 parameters are shown ( Figure 2 ). For the lower jaw, 26 parameters are shown ( Figure 3 ). In this way, the study included a total of 54 parameters by which we can track a patient's orthodontic condition in an unambiguous manner.
RESULTS
At the first inspection of patient NN, there was a correlation between the upper and the lower jaw in the third class by Angle, along with the missing first lower molar on the left side and second lower molar on the right side [25] . In the upper jaw, all teeth were present. By measuring parameters and analyzing plaster models, it was concluded that the best solution for the patient was to combine orthodontic and surgical therapy. This means that, after receiving approval from the maxillofacial clinic, we put in the upper and lower fixed appliances, which were to be worn for about one year, and controlled every four weeks. Surgical treatment was to be done on the lower jaw, which is more developed than the upper one. The procedure consists of shortening the upper jaw to the level where we can reach satisfactory relationship of upper and lower teeth. Because of the missing first molar on the left, the bracket was attached to the second molar on the same side.
Analysis showed the lack of space in both jaws for placing the teeth in the right position. Situation was less favorable in the lower jaw, because we already had two missing teeth, so extraction was expected as the solution. In the upper jaw, we decided to solve the space problem without extracting teeth, despite the lack of space. We evaluated that a fixed appliance could give us enough space for placing all the teeth in one proper dental arch. The advanced model defi nition and analysis of orthodontic parameters on 3D digital models In the upper jaw, both lateral incisors were placed more palatal in relation to other teeth. Also, the lack of space was noticed in the frontal region, so the arch had a sharpened look. In the lower jaw, the only visible problem was partial rotation of lower left second premolar. By rotating this tooth, more space for better placing of other teeth in the lower jaw is obtained.
DISCUSSION

Analysis of control -hypotheses 1 and 2
At first control, after reviewing the results, some differences between all the parameters were noticed. The differences were not significant, as expected; given that the first month the thinnest nitinol wire was ligated. The first six months of therapy is the leveling period, i.e. the period when teeth are arranged in a better position in the dental arch. All subsequent displacement, such as closing spaces and the like, are done in later phases of the therapy. As teeth tend to get back to their old positions, so it was noticed that values of some parameters were lower than on the initial model. The biggest differences in the x-y plane in the upper jaw were noticed in the distance between the tips of palatal cusps of first premolars, and in the lower jaw between the tips of lingual cusps of the same lower teeth (1.5 and 1.2 mm, respectively).
As for the distance in the y-z plane, there was less displacement -less than 1 mm -which is particularly evident in the lower jaw. Some distances were even smaller, because side teeth have the tendency to change their location mesially.
The smallest differences (smaller than one tenth of a millimeter) were seen by comparing clinical crown height at the first control. Since the lower lateral incisors were damaged, the heights of the clinical crowns on the master model are not taken into account, due to the impossibility of setting parameters to the incisor edge. Similar problem was identified on the upper jaw, but the damage did not affect the precise placement of points on the incisor edge. Table 1 gives an overview of the analyzed parameters (shown in Figure 2 ) for all 11 controls (including the master model), of the upper jaw. The same review of these parameters (Figure 3 ) for the lower jaw is given in Table 2 .
The second control brought an increase in the values of five of eight parameters in the upper jaw in the x-y plane. Only the distances between the first molars recorded lower values. This happened because the arch led to the displacement of molars inward, leading to a reduction of the distance. The lower jaw also had a decrease in the value of half of the monitored parameters, all in the region of canine and premolars, which means that the mentioned teeth moved toward the palate.
The distances in the y-z plane in the upper jaw recorded an increase on both the left and the right side. The differences were minimal, but, unlike at the first control, they were visible in almost all parameters. Half of the parameters in the lower jaw recorded a slight increase, while the other half showed lower values.
What is still more interesting is that the height of the clinical crown of the teeth recorded an increase in value for all teeth in both the upper and the lower jaw. That could be explained by wire influence on teeth during the first phase of leveling, where, among other things, teeth leveling in regard to height occurs.
After three months of therapy, at the second control, all values in the x-y plane were higher, except for two distances in the molar region, which recorded a slight decrease.
The fourth month brought differences in distances in the x-y plane in all parameters, except that the differences were smaller than at the first two controls. The differences were noted on the second and third decimal place. These changes were not very significant as teeth in this phase of the therapy are still in the process of leveling in the vertical and horizontal plane. The height of the clinical crown of the teeth had even smaller values than at the first three controls, which means that the teeth were lower in the horizontal plane. These differences are still small and not very significant. All this is important because these displacements don't jeopardize the stability and vitality of the teeth.
After processing the results at the fifth control, the significant fact was that all parameters in the lower jaw in all three planes in space had increased. Despite the tendency of teeth to return to their original position, all values were higher compared to the previous control and in relation to the master model.
After the first six months, it was observed that the values of the distance in the x-y plane in the upper and lower jaw had increased, and that in addition there was a decrease in the distance in the y-z plane at both the left and the right side. All this leads to the conclusion that the first phase of treatment was successfully completed and that there was an expansion in the width of both jaws.
At the following four controls, the parameters generally showed a slight increase, which was not statistically significant. Generally, after ten months of treatment, progress was evident in the x-y plane, while the smallest change is seen in the height of clinical crowns of teeth. Distance decreasing in the x-y plane was noticeable in the distances between the molar cusps in the upper jaw. The explanation might be found in the fact that during therapy, application of certain arches, the upper molars were moved inside, toward the palate. By looking at 3D digital models, it is possible to notice greater displacement of the upper left molars in this plane.
Possibilities of defining a new model of gnathometric analysis, given that we are able to use 12 different elements (points, lines, planes, curves, curved surfaces, etc.), including particularly curves and curved surfaces, which pose a great challenge to the field of orthodontics and give it numerous possibilities (e.g. monitoring changes in teeth positions through multi-leveled intersections or under different angles depending on patients' orthodontic status, and in respect of the GCS of the jaw. * Could not be measured on all models, because of the damage on some samples
The advanced model defi nition and analysis of orthodontic parameters on 3D digital models Due to GEs, the model mentioned above provides us with absolute accuracy, given that parameters are measured (defined) with precision of 0.00001 mm. In this case, the comparison of our 3D digital model and manual measurements of the same parameters were needless, given that values of both measurements are expressed in 0.001 mm, so it would be needless to analyze/compare the same range of values since the accuracy depends only on interpreted results (i.e. random variable), and not on true values of orthodontic parameters. In the 3D digital model (GE model) in our case, this issue concerning accuracy is solved, as shown in the work, through H2 hypothesis.
This analysis shows that both H1 and H2 were verified from the aspect of GE and accuracy of the results.
Hypothesis 3 testing
Testing of H3 is based on the use of parametric Student's t-test for dependent samples. We p erformed measurements of all parameters on 10 samples, 28 parameters for the upper jaw, and they were statistically processed. Parameters of standard deviation for one half of a year were calculated. Values are presented in Table 3 .
Hypothesis H3 testing for the upper jaw was done for three levels of significance (95% -0.05, 99% -0.01, and 99.9% -0.001) as shown in Table 4 .
Based on the results in Table 4 , we conclude that H3 is accepted as true, for all three levels of significance -which confirmed the null hypothesis H3 each time, which in this case means that the "effect" of tooth displacement in their leveling in the upper jaw was more evident in the first six months in relation to subsequent six months.
We performed measurements for the lower jaw on 10 samples, 26 parameters, as well as their statistical analysis. The parameters for standard deviation for one half of a year were calculated. The values are presented in Table 5 .
As for the upper jaw and lower jaw, H3 testing was done for three levels of significance (0.05, 0.01, and 0.001) and the results, presented in Table 6 , lead us to conclude that H3 is accepted as true, for all three cases.
Due to the set of orthodontic parameters, the approach presented in this study enables orthodontic analyses for individual patients -personalized e-orthodontics. We statistically treated a set of parameters (54 in total, which we can define according to need -depending on a particular case), along with sets of dental imprints for an individual patient during one year (in this specific case, this period proved to be long enough) for both jaws -period of time proved to be relevant to make valid conclusions. Also, we applied Student's t-test to the patient concerning previously mentioned sets of dental imprints and analyzed the parameters. In this way, we wanted to show that it makes sense to present a case for personalized orthodontic approach. We have not, as one usually does, analyzed various demographics (sex, age, etc., or a specific orthodontic problem), since thit was not in accordance with our concept. In the Comparison Case 1 -for a given significance threshold hypothesis -H3 is accepted as true; the difference is not statistically significant Case 2 -for a given significance threshold hypothesis -H3 is accepted as true; the difference is not statistically significant Case 3 -for a given significance threshold hypothesis -H3 is accepted as true; the difference is not statistically significant case of our patient, statistics showed different variations for the first six months of the treatment in relation to the second six months, which was H3. This enables us to make positive conclusions, which we did. It is important to stress that we performed statistical data treatment for various time intervals (two, three, four, five, and six months), and the period of six months proved to be relevant for the comparison.
We can finally say that we obtained the same result for the lower jaw and all three levels of significance; thus, every time H3 was confirmed, which in this case means the same as for the upper jaw, the "effect" of teeth moving during their leveling in the upper jaw was more evident in the first six months of therapy then in the second six months.
CONCLUSION
The distances in the y-z plane marked a slight increase, which did not exceed a few tenths of a millimeter. The only major difference is noticeable in the distance between the second upper molar and lateral incisors, on both the right and the left side. At the beginning of the therapy, visible defect in the upper jaw was the position of the lateral incisors towards the palate, i.e. their palatal position. During the therapy we got a significant improvement in correction of their position. After ten months, both teeth were brought to a much better position in the dental arch.
In the lower jaw, differences were noticed in the distances on the right side. The distance on the left side did not change significantly. In explaining the changes on the right side we can take into consideration the lack of the first lower right molar, and the existence of space between the second molar and the second premolar. This space was not closed, but was somewhat used for placing teeth in frontal region in the correct place. During the ten months of therapy, the space was reduced, but not to a significant extent. The agreement with the patient was to preserve that space, so that it could be used for a prosthetic restoration of the missing tooth at a later time (after the completion of the therapy).
In the course of treatment there was displacement of teeth in the vertical direction along the z-x plane. As these displacements occur during therapy, they are not supposed to be significant. The results proved this. The differences are noted only on the second or third decimal place. Damage of lateral incisors at the lower master model enabled us to have values of clinical crown height at the beginning of the therapy. Despite the fact that later models were satisfactory, due to the lack of initial values, these teeth were excluded from the analysis. There was damage to the teeth on other models, but after marking all entities, we determined that these damages were not significant and did not affect the validity and accuracy of the results.
Finally, we can reach several conclusions pertaining to our GE approach. Comparison Case 1 -for a given significance threshold hypothesis -H3 is accepted as true; the difference is not statistically significant Case 2 -for a given significance threshold hypothesis -H3 is accepted as true; the difference is not statistically significant Case 3 -for a given significance threshold hypothesis -H3 is accepted as true; the difference is not statistically significant
